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SECTION  I 


INTRODUCTION 


A previous  study  by  the  authors  ^Reference  1J  determined  the  ef- 
fects of  strain  rate,  temperature  and  biaxial  stress  states  on  the  strength 
and  ductility  of  S-200E  beryllium  and  titanium  6A1-4V.  The  present  re- 
port is  concerned  primarily  with  the  biaxial  strength  properties  of  two 
newer  grades  of  beryllium  and  two  titanium  alloys,  6A1-4V  and  6Al-6V-2Sn. 
The  test  specimens  are  thin- walled  machined  tubes.  All  tests  were  per- 
formed on  a servo- controlled , hydraulic  biaxial  testing  machine  which  is 
described  in  Reference  2.  The  tubes  were  subjected  to  combinations  of 
axial,  torsional,  and  internal  pressure  loading  to  produce  a range  of  plane 
stress  conditions.  Testing  was  conducted  to  failure  along  both  proportional 
and  nonproportional  load  paths. 

The  previous  biaxial  tests  [Reference  lj  demonstrated  the  strong 
dependence  of  ductility,  as  measured  by  the  effective  strain  at  failure,  on 
the  state  of  stress  for  both  beryllium  and  titanium.  Ductility  was  shown  to 
be  reduced  significantly  under  biaxial  tensile  stresses.  Jortner  [Reference 
3 1 subsequently  found  similar  behavior  in  tests  of  IIP-21  grade  beryllium 
hot  pressed  block.  Jortner  showed  that  the  biaxial  failure  strain  behavior 
could  be  accounted  for  by  imposing  a maximum  stress  failure  criteria  upon 
deformation  described  by  a Mises  type  quadratic  flow  rule.  It  was  also 
shown  that  the  extent  of  biaxial  ductility  reduction  is  strongly  dependent  upon 
the  strain  hardening  coefficient. 

Another  factor  which  has  been  of  concern  relative  to  the  ductility 
of  beryllium  is  the  potentially  adverse  effect  of  precompression  [References 
3 and  4 . Some  tests  have  indicated  that  precompression  may  tend  to  ex- 
haust ductility  and  lead  to  brittle  behavior  on  subsequent  tensile  loading. 

The  present  work  explores  the  effect  of  both  precompression  and  pretorsion 
on  the  subsequent  strain  hardening  and  ductility  when  the  specimen  is  re- 
loaded in  other  stress  directions,  including  reversed  loading. 

After  describing  the  general  test  procedures  in  the  next  section, 
the  test  results  and  discussions  are  presented  in  separate  sections  on 
beryllium  and  titanium. 
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SECTION  II 


TEST  PROCEDURES 


All  tests  described  were  performed  on  a biaxial  test  facility  pre- 
viously developed  for  AFML.  'Inis  facility  is  described  in  Reference  2 
and  is  shown  in  Figure  1.  It  is  a servo- controlled , hydraulic  machine 
with  two  independent  feedback  loops.  The  hydraulic  actuator  (mounted 
below  the  lower  platten  in  Figure  1)  in  this  machine  produces  combined 
axial  and  torsional  load  or  displacement.  Each  component  is  independ- 
ently controlled  from  either  load,  displacement  or  strain  transducers. 

This  configuration  of  the  machine  provides  for  combined  axial  compression/ 
tension  and  torsion  testing.  In  addition,  programable  internal  pressure 
within  a tubular  specimen  is  supplied  by  a separate  servo- controlled  pres- 
sure intensifier  (not  shown).  This  mode  provides  for  variable  circum- 
ferential hoop  tension  in  the  specimen.  Only  two  of  the  three  available 
loading  modes  have  been  exercis  d at  one  time.  Thus,  the  test  data  are 
obtained  with  either  combined  axial  compression/tension  and  torsion  or 
with  axial  compression/tension  and  internal  pressure  (hoop  tension). 

The  load  capacities  of  the  test  facility  are  ±10,000  lb  axial  load,  ±3000 
in- lbs  torque,  and  20,000  psi  internal  pressure. 

The  applied  loading  is  measured  with  a strain  gage  type  biaxial 
(axial/torsional)  load  cell  or  a pressure  cell  located  on  the  high  pressure 
side  of  the  pressure  intensifier. 

Strains  are  measured  within  the  uniform  gage  section  of  the  spec- 
imen asing  two  types  of  biaxial  extensometer  ^Reference  lj  . The  axial/ 
torsional  extensometer  is  of  the  capacitance  type.  Strain  gaged  flexural 
clip  type  extensometers  are  used  for  the  combined  axial  and  hoop  strain 
measurements.  These  extensometers  have  sufficient  dynamic  range  to 
measure  both  the  elastic  and  plastic  components  of  strain  to  failure  of  the 
specimen.  Bonded  resistance  strain  gages  were  used  in  a few  cases  to 
supplement  and  to  verify  the  extensometer  measurements. 

The  stresses  and  strains  reported  are  average  sectional  values 
and  are  based  upon  a small  strain  measure.  The  data  presented  are  en- 
gineering stress  and  strain  values . Finite  deformation  corrections  are 
small  within  the  range  of  failure  strains  for  beryllium  and  within  the 
strain  hardening  region  for  titanium.  Failure  in  titanium  may  occur  after 
considerable  plastic  flow  beyond  the  point  of  maximum  load.  The  failure 
strains  reported  under  these  conditions  should  be  compared  with  percent 
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elongation  measurements  in  uniaxial  tensile  tests.  At  this  point  the 
deformation  is  large  and  the  strain  is  no  longer  uniformly  distributed 
over  the  gage  length. 


Since  both  stress  (load)  or  strain  (deformation)  can  be  used  as  a 
feedback  control  signal  on  both  axes  of  a biaxial  test,  some  choice  is 
available  for  the  two  independent  control  functions.  In  the  present  testing, 
it  was  decided  to  control  strain  rate  on  one  axis  and  control  stress  ratio 
on  the  second  axis.  Since  strain  rate  is  controlled  on  one  axis  only,  there 
is  some  small  variation  during  plastic  straining  of  the  total  effective  strain 
rate  which  was  held  at  approximately  10“ ^ see"*  for  all  tests.  The  stress 
ratio  control  provided  for  proportional  loading  paths.  The  nonproportional 
paths,  referred  to  earlier,  are  actually  piecewise  proportional;  i.e., 
initial  loading  and  unloading  along  cne  proportional  path  (e.g.  , uniaxial 
compression)  followed  by  a second  loading  to  failure  with  a different  con- 
stant stress  ratio. 


The  dimensions  of  the  test  specimens  are  given  in  Figure  2.  The 
beryllium  specimens  were  chemically  etched  in  the  gage  section  after 
machining  in  order  to  remove  any  potential  surface  damage. 


SECTION  III 


BERYLLIUM 


A.  MATERIALS 

The  beryllium  specimens  were  machined  from  material  fabricated 
by  two  different  processes,  both  using  advanced  powders.  The  material 
designated  XN5GC*was  formed  as  hot- pressed  block  and  was  supplied  by 
Brush- Wellman,  Inc.  The  second  material,  supplied  by  Kawecki  Berylco 
Industries  (KBI),  was  consolidated  from  high  purity  KBI  PI  powder  by  the 
process  of  cold  isostatic  pressing  followed  by  hot  isostatL  pressing 
(CIP/HIP). 

The  specimens  were  machined  and  surface  etched  by  the  Speed  Ring 
Corporation  and  subsequently  radiographed  at  AFML. 

B.  BIAXIAL  STRENGTH  AND  DUCTILITY 


The  biaxial  strength  data  will  be  presented  in  the  form  of  selected 
effective  stress- strain  curves  to  illustrate  strain  hardening  behavior  and 
two  dimensional  plots  of  yield  and  failure  stresses  and  strains  to  failure. 
The  data  are  also  summarized  in  Tables  I and  II. 
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The  data  are  presented  in  terms  of  the  normal  stresses, 
and  the  shear  stress  The  corresponding  strains  are 

The  subscripts  L and  T refer  to  the  longitudinal  and  transverse  directions" 
in  the  tubular  specimens,  longitudinal  being  in  the  direction  of  the  tube 
axis.  The  stress- strain  curves  are  given  in  terms  of  "effective"  stress  and 
strain  defined  by 
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0t 


0-L  CTrji  + Orp 


2+3 


°LT‘ 


1/2 


(1) 


and 


€ef£ 


€j J*  + €L  € T + €T^  *■  1/3  €t_,T^ 


1/2 


(2) 


Equation  2 incorporates  the  assumption  of  incompressibility  and  thus  is  only 
approximate  when  total  strains  are  plotted. 


^Currently  designated  as  S-65  grade. 
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TABLE  I.  DATA  SUMMARY  - BERYLLIUM  XN50C 
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Nonproportional  Loading  Paths 
* 1%  Comp.  Prestrain 
##  2.5%  Comp.  Prestrain 
***  2.5%  Torsional  Prestrain 


For  the  materials  tested,  the  yield  condition  is  closely  approximated 
by  the  condition 


°e£f  = Y0  (3) 

where  Yo  is  a constant.  This  is  equivalent  to  a Mises  yield  criterion  with 
Yu  being  the  yield  strength  in  simple  tension.  The  effective  stress  and  strain 
definitions  result  from  integration  of  the  associated  flow  rule  for  proportior.al 
loading.  A check  of  the  experimental  plastic  strain  increments  showed  nor- 
mality to  the  Mises  yield  ellipse,  Equation  3,  for  all  stress  ratios. 

Figures  3,  4 and  5 show  effective  stress-strain  curves  for  the  Brush 
XN50C  beryllium.  The  loading  path  associated  with  each  curve  is  shown  in 
the  lower  right  of  each  figure.  The  arrows  indicate  the  fracture  strain. 

Figure  3 shows  the  uniaxial  tensile  stress- strain  curve  (open  circles) 
and  several  curves  for  specimens  initially  loaded  to  a compressive  prestrain 
of  «L  = 1 %,  unloaded,  and  reloaded  along  the  indicated  stress  path  to  failure. 
There  are  several  things  to  note: 

(a)  The  XN50C  beryllium  exhibits  a distinct  yield  plateau  following 
initial  yield.  This  yield  plateau  is  eliminated  by  cold  work, 
not  being  present  on  reloading. 

(b)  Reversed  loading,  compression  followed  by  tension  (triangles), 
shows  a relatively  strong  Baushinger  effect  with  second  yield 
occurring  at  a low  value  of  tensile  stress. 

(c)  For  reloading  in  the  transverse  or  biaxial  stress  directions, 
the  yield  point  is  enhanced.  Initial  yield  occurs  at  32  ksi 

in  tension  and  compression.  The  compressive  prestrain 
hardens  the  material  to  about  40  ksi.  This  is  approximately 
the  yield  stress  for  reloading  in  the  transverse  or  biaxial 
directions . 

(d)  Finally,  it  is  observed  that  the  ductility  or  strain  to  failure 
depends  quite  strongly  on  the  stress  ratio.  Examination  of 
Table  I will  show  this  for  simple  proportional  loading  to 
failure.  The  effect  of  1%  precompression  does  not  in  itself 
reduce  ductility.  In  fact,  if  ductility  is  measured  by  cum- 
ulative plastic  strain  or  by  total  plastic  work  (area  under  the 
effective  stress- strain  curve)  to  failure,  the  precompressed 
specimens  show  increased  ductility  in  some  cases. 
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BERYLLIUM 


Effective  Stress-Strain  Curves  for  Be  (XN50C) , 1%  Axial  Compressive  Prestrain 


B RUSH  XN50C  BERYLLIUM 


REVERSE  TORSION) 


1 

{ 

Figure  4 illustrates  precompression  followed  by  torsion  and  combined  | 

torsion  and  tension,  The  torsional  stress- strain  curve  is  given  also.  This 
curve  exhibits  the  same  yield  plateau  on  initial  loading  noted  in  tension.  ! 

| 

Figure  5 shows  curves  for  specimens  prestrained  in  torsion  to  | 

€LT=2 . 5%.  The  many  reloading  conditions  all  follow  a similar  effective  J 

stress- strain  path.  The  larger  prestrains  of  2.5%  compression  or  torsion  I 

do  suggest  some  reduction  in  subsequent  ductility,  particularly  for  tensile  1 

failures.  Reversed  torsion  shows  enhancement  of  ductility.  i 

The  strength  data  for  XN50C  beryllium  are  plotted  in  Figure  6.  The 
0.2%  yield  strength  is  in j*ood  agreement  with  the  Mises  ellipse  (Equation  3) 
as  shown.  The  value  of  Y0  for  each  test  is  given  in  Table  I.  The  average 
value,  based  on  all  47  tests,  is  31.25  ksi  with  a standard  deviation  of  2,38  k-ii. 


it 


Stresses  at  failure  for  both  the  proportional  load  paths  (open  data 
points)  and  the  three  different  prestrain  conditions  are  shown.  The  stresses 
at  failure  for  preloaded  and  monotonicalT;  loaded  specimens  are  nearly  the 
same.  Failure  for  all  specimens  occurs  at  a fully  work-hardened  state. 


The  equation  used  to  fit  the  failure  data  is  derived  from  a criterion 
proposed  by  Mogi  ^Reference  5j  for  failure  in  rock.  The  original  form  given 
by  Mogi  is 


TOCT  ~ 


/ 


(l-«)  ^1 


(4) 


where  Tqq^.  is  the  octahedral  shear  stress,  crm  is  the  mean  stress,  <q  is 
the  intermediate  principal  stress  and  a is  a constant.  This  is  a modification 
of  the  classical  Coulomb-Mohr  failure  criterion  for  brittle  materials.  It 
includes  the  effect  of  the  intermediate  principal  stress  which  is  not  included 
in  the  Coulomb-Mohr  criterion  but  has  been  shown  experimentally  to  be  im- 
portant. The  effect  of  the  mean  stress  upon  failure  is  shown  by  the  dif- 
ferential between  tensile  and  compressive  failure  strength  in  Figure  6. 

Equation  4 may  be  rewritten  in  the  form 

A£rm  + Btreff2  +C<ri  =1  (5) 

where  <rm  is  the  sum  of  the  principal  stresses,  <ref£  is  given  by  Equation  1, 
and  o|  is  the  intermediate  principal  stress.  If  the  constants  A,  B and  C are 
given  in  terms  of  the  uniaxial  tensile  strength  cr^.,  compressive  strength  <rc  , 
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Ficure  6.  Biaxial  Yield  and  Failure  Strengths  for  Be  (XN50C) 


:ila. 


* 


and  biaxial  tensile  strength  <r^,  then 

a - fat2  - o~c2)  + °~tt  (q~c2  - q~t2) 

o't'J'cO'tt  (o't  - ov„  - crtt) 

B - (rtt  (°c  ~ °~t)  - trtcrc 
(rt,rc1[rtt  K " - °tt) 

C - (crt  + °~c)  [^c  - °tt2  * 2 °tt  (°t  " 
°tVrtt  K - °c  " °tt) 


(6a) 

(6b) 

(6c) 


The  solid  line  through  the  failure  data  points  in  Figure  6 is  based  on  Equations 
5 and  6 with 


oj.  = 48  ksi 
<rc  = 63  ksi 
°tt  = 47  ksi 

A maximum  shear  stress  (Tresca)  or  normal  stress  criterion  would  give  a 
better  fit  to  the  data  in  the  tension- tension  quadrant,  but  would  ^ot  be  as 
satisfactory  elsewhere.  This  will  be  discussed  further  in  a following  section. 

The  strains  measured  at  failure  are  plotted  in  Figure  7.  Again  the 
open  data  points  represent  monotonic  proportional  loading  to  failure  and  the 
closed  data  points  are  for  prestrained  specimens.  This  plot  demonstrates 
the  large  effect  of  stress  (or  strain)  ratio  on  the  strain  at  failure.  The  shear 
directions  show  maximum  ductility,  while  the  minimum  occurs  along  the 
normal  strain  axes.  These  minima  occur  at  the  stress  ratios  =2:1. 

Discussion  of  the  shape  of  this  curve  will  be  given  later.  The  2.5%  compres- 
sive prestrain  is  the  most  severe  from  the  point  of  view  of  plastic  work. 

The  failure  strains  for  this  condition  are  shifted  strongly  in  the  direction  of 
the  precompression,  - e-^. 

The  macroscopic  modes  of  failure  are  shown  in  Figure  8 for  the  entire 
range  of  stress  ratio.  These  specimens  were  all  monotonically  loaded;  how- 
ever, the  prestrained  specimens  were  similar.  In  compression,  the  failure 
is  initiated  by  the  circumferential  tensile  strain  producing  longitudinal  cracks. 
In  pure  compression  there  is  a large  number  of  parallel  longitudinal  rrarlts 
formed.  This  initial  fracture  is  followed  by  axial  buckling  of  the  tube  as  can 
be  seen  in  Figure  8 for  all  compression  loaded  specimens.  The  sudden  ie- 
lease  of  internal  pressure  causes  the  machine  to  apply  a strong  axial  load 
component.  There  is  no  evidence  that  buckling  preceded  fracture. 
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• 1%  COMP.  P RESTRAIN 

♦ 2.5%  COMP.  PRESTRAIN 
X 2.5%  TOR.  PRESTRAIN 


The  test  results  for  the  KBI  PI  beryllium  are  given  in  Table  II  and 
in  Figures  9 through  13. 

Figures  9 and  10  present  typical  effective  stress-strain  curves. 

The  PI  material  has  a higher  yield  strength  and  does  not  evidence  the  yield 
plateau  exhibited  by  the  Brush  XN50C  beryllium.  Figure  9 shows  the  re- 
versed loading  curves  for  2.5%  compressive  prestrain.  These  results  are 
similar  to  Figure  3,  showing  the  Baushinger  effect  for  reloading  in  the  reverse 
direction  and  increased  yield  strengths  for  subsequent  loading  in  other  di- 
rections. Figure  10  presents  results  for  specimens  piestrained  in  torsion 
to  cLT  = 2.5%.  Again,  these  results  are  qualitatively  comparable  with 
Figure  5. 

The  biaxial  strength  loci  are  given  in  Figure  11.  The  0.2%  effective 
yield  strength,  YQ  has  an  average  value  of  42.0  ksi  with  a standard  deviation 
of  1.82  ksi  based  upon  44  tests.  The  ultimate  strengths  are  again  compared 
with  the  Mogi  criterion  (Equations  4 and  5}  with  the  constants 

<T{.  = 63  ksi 
o"c  = 79  ksi 
= 63  ksi 

In  the  tension-tension  quadrant  the  data  again  fall  inside  the  Mogi  locus, 
tending  towards  a constant  maximum  stress  locus.  Prestraining  does  not 
significantly  raise  or  lower  the  stresses  at  failure. 

The  failure  strains  are  plotted  in  Figure  12.  Behavior  is  again 
similar  in  the  two  materials.  Failure  modes  are  illustrated  in  Figure  13. 
Because  of  the  higher  elastic  strain  energy  stored  in  the  PI  beryllium  a* 
failure,  there  is  somewhat  more  fragmentation  at  failure  and  appearance 
of  brittleness . 

C.  FRACTOGRAPHY 

Scanning  electron  microscop/  (SEM)  was  used  to  examine  the  features 
of  typical  fracture  surfaces.  Macroscopically , the  Brush  XN50C  material 
has  a higher  ductility  in  all  stress  ratios  than  the  KBI  PI  material.  How- 
ever, the  fracture  surface  topography,  illustrated  in  the  SEM  fractographs 
of  Figures  14  and  15,  indicates  much  greater  plastic  flow  associated  with  the 
fracture  surface  of  the  isostatically  pressed  KBI  PI  beryllium  (Figure  15). 

For  all  states  of  stress,  the  Brush  XN50C  hot  pressed  block  specimens 
(Figure  14)  exhibit  transgranular  brittle  fracture  facets  of  approximately 
grain  size  proportions.  There  is  also  evident  a considerable  amount  of 


Figure  12.  Biaxial  Failure  Strains  for  Be  (PI) 


Failed  Biaxial 


secondary  cracking,  indicative  of  brittle  behavior.  On  the  other  hand,  the 
features  of  the  KBI  specimens  (particularly  numbers  52,  27  and  39)  suggest 
fracture  associated  with  considerable  plastic  flow.  This  plasticity  is  manifest 
by  a less  obviously  transgranular  mode  of  fracture,  by  a rounding  of  the 
numerous  edges  produced  in  the  fracture  process,  and  by  the  absence  of 
secondary  cracking. 

There  is  also  more  variation  in  fracture  topography  with  stress  state 
in  the  KBI  PI  material.  Here  again,  curiously,  the  torsion  specimen  (No.  50) 
appears  more  brittle  in  fracture  appearance  than  the  biaxial  tension  specimen 
(No.  27).  This  is  opposite  to  the  ductility  exhibited  during  the  deformation 
process.  These  results  suggest  that  the  very  localized  plastic  strain  associated 
with  creation  of  the  fracture  surface  is  not  necessarily  in  proportion  to  the 
ductility  determined  from  stress- strain  behavior  of  bulk  specimens. 

Figure  16  shows  a comparison  between  optical  and  SEM  metallography. 
Figures  16A  and  16B  are  SEM  back  scattered  electron  images  of  the  polished 
and  etched  surfaces  and  fracture  surfaces,  respectively.  Figure  16C  shows 
the  polished  surface  under  polarized  light  to  illustrate  the  grain  structure. 

The  grain  size  of  the  Brush  material  is  larger  and  somewhat  more  uniform 
than  the  KBI  Pi.  Grain  size  distribution  is  shown  for  both  materials  in 
Figure  17.  Average  grain  size  for  KBI  PI  is  about  0.015  mm  compared  with 
0.027  mm  for  the  XN50C.  In  Figure  17A,  the  grain  size  distribution  was 
measured  directly  from  polished  metallographic  sections.  In  Figure  17B, 
the  size  of  facets  on  the  fracture  surface  was  measured.  The  correspondence 
of  the  facet  size  with  grain  size  shows  that  transgranular  cleavage  of  single 
grains  is  the  predominant  fracture  mode. 

D.  DISCUSSION 

It  is  now  possible  to  compare  biaxial  data  for  beryllium  prepared  as 
hot  pressed  block  from  three  different  powders,  Brush's  S-200E  [Reference  1 
and  XN50C  and  KBI's  HP- 21  ^Reference  3j  , and  for  KBI's  PI  powder  com- 
pacted by  the  CIP/HIP  process.  The  strength  and  failure  strain  data  are 
compared  in  Figures  18  and  19.  Yielding  in  each  case  is  isotropic,  obeying 
a Mises  yield  criterion.  Failure  strengths  are  greater  in  compression  than 
in  tension,  which  can  be  accounted  for  by  including  a pressure  dependent 
term  in  the  failure  criterion.  This  is  physically  consistent  with  the  effect 
of  pressure  on  crack  nucleation  and  growth;  compression  retarding  growth 
and  tension  accelerating  growth.  For  beryllium,  failure  in  the  tension- 
tension  quadrant  appears  to  be  limited  by  a maximum  stress  condition. 

Biaxial  ductility,  as  measured  by  strain  at  failure,  is  compared  in 
Figure  19.  Again,  the  data  for  each  material  show  similar  qualitative  be- 
havior. The  reduction  in  ductility  under  biaxial  tension  and  the  shape  of  the 
curve  in  this  quadrant  will  be  discussed  next. 
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Figure  16.  SLM.  (A)  anti  (B).  and  Optical  (C)  Metallography  of  Polished  and 
Fracture  Surfaces  for  Brush  (XN50G)  and  KBI  (,JI!  Beryllium. 

Note  Relative  Distribution  of  Pores  (Dark)  and  Oxides  (Light  in  (A). 
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The  shape  of  failure  strain  locus  car  be  understood  by  comparing 
alternate  failure  criteria,  as  in  Figure  20.  The  data  points  are  for  the 
KBI  PI  material.  For  proportional  loading  paths  we  can  assume  the  ex- 
istence of  an  effective  stress- strain  relation 

"eft  =/  ( £eff) 


and  the  plasticity  relations 

£L  ~ gT  _ 2 6T  + *L  _ 2 €L~  gT 

°L“  ^T  °T 


where  tr^  and  are  defined  as  in  Equations  1 and  2 (ov^  = cLT  = 0). 
Isotropy,  small  deformation  and  incompressibility  are  assumed.  These  two 
equations  define  the  flow  behavior,  i.e.  , given  the  biaxial  stress  components, 
the  strains  are  determined.  Similarly,  if  the  locus  of  failure  stresses  is 
specified  the  corresponding  failure  strains  can  be  determined.  Figure  20a 
shows  three  different  stress  failure  criteria.  The  Mises  criterion  is 

o’eff  = *o  (9) 


where  F0  is  a constant.  The  Mogi  criterion  is  given  in  Equation  5,  and  the 
Tresca  or  maximum  shear  stress  criterion  is 


I0" max  " °min 
I 


(10) 


It  will  be  noted  that  all  three  criteria  intersect  on  the  stress  axes  and  at 
equal  biaxial  tension. 


Solving  simultaneously  Equations  7 and  8 with  each  stress  failure 
criterion  results  in  the  failure  strain  loci  shown  in  Figure  20b.  The  strain 
surface  for  the  Mises  criterion  is  «e££  = constant,  an  ellipse  rotated  90°  with 
respect  to  the  stress  ellipse.  For  this  condition,  the  distortional  strain 
energy  at  failure  would  be  constant  for  all  stress  ratios.  For  criterion 
where  the  stresses  lie  within  the  Mises  ellipse,  the  strains  will  also  be  re- 
duced in  proportion  to  the  stress  difference  and  to  the  strain  hardening  mod- 
..i..-  tc ™ — n\ 
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The  Tresca  failure  criterion  agrees  best  with  both  the  failure  stress 
and  strain  experimental  data  and  accurately  describes  the  minima  in  failure 
strains  at  the  intermediate  stress  ratios. 
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Figure  20.  Comparison  of  Failure  Stress  and  Strain  Criteria 
With  Experimental  Data  for  Be  (PI) 


34 


csessess - 


SECTION  IV 
TITANIUM 


Two  titanium  alloys,  6A1-4V  and  6Al-6V-2Sn,  were  tested  to  de- 
termine biaxial  strength  properties  over  the  same  range  in  stress  states 
as  the  beryllium  tests.  The  specimens  were  machined  to  the  dimensions 
shown  in  Figure  2 from  forged  STA  Centerless  ground,  1.00- inch  diameter 
titanium  bar.  Properties  as  certified  by  the  supplier  are  given  in  Table  III. 

All  tests  were  conducted  to  failure  in  proportional  loading  at  an  ef- 
fective strain  rate  of  10"  ^ sec"*.  The  titanium  test  data  are  summarized 
in  Tables  IV  and  V.  Typical  stress- strain  curves  for  each  alloy  are  given 
in  Figure  21.  Failure  in  compression  and  torsion  was  initiated  by  plastic 
buckling  which  may  influence  the  ultimate  stress  values  for  these  stress 
states.  Because  of  buckling,  failure  strains  are  generally  obtained  only  in 
the  tensile  quadrant. 

Figures  22  and  23  are  plots  of  the  strength  data.  The  stresses  are 
plotted  for  both  0.02%  and  0.2%  offset  yield  strength  and  for  the  ultimate 
strength.  There  is  a very  narrow  work  hardening  range  for  both  alloys 
such  that  ultimate  strength  is  very  close  to  the  0.2%  yield  strength.  A 
Mises  ellipse  is  fit  to  the  0.2%  yield  values  in  each  figure.  For  6A1-4V, 
the  average  effective  yield  strength,  Y0,  is  162  ksi  with  a standard  devi- 
ation of  8.17  ksi  obtained  from  10  tests.  For  6Al-6V-2Sn,  the  average 
yield  strength  is  188  ksi  with  a standard  deviation  of  7.38  ksi  obtained 
from  17  tests . 

The  failure  stress  is  quite  symmetric  with  the  yield  stresses.  Any 
effect  of  the  mean  stress  on  ductile  failure  is  not  evident  in  this  type  of  test. 

Failure  strains  under  biaxial  tensile  loading  are  given  in  Figure  24 
for  both  alloys.  The  behavior  is  similar  to  the  beryllium  results,  with  per- 
haps a sharper  minima  in  ductility  at  the  stress  ratios  of  2:1.  This  is  to 
be  expected  because  of  the  very  low  (essentially  zero)  strain  hardening 
modulus.  These  sharp  variations  in  strain  with  stress  ratio  are  accompanied 
by  large  variations  in  the  total  plastic  work  or  energy  required  to  rupture 
these  alloys.  This  is  illustrated  in  Figure  25.  Near  the  uniaxial  tensile  or 
biaxial  tensile  axes,  very  small  changes  in  stress  ratio  can  result  in  an  order 
of  magnitude  change  in  the  energy  to  fracture.  The  practical  significance 
of  this  is  uncertain.  Those  processes,  such  as  fatigue,  which  rely  on  the 
exhaustion  of  ductility  could  be  influenced  by  this  effect.  It  would  be  of 


TABLE  HI.  TITANIUM  ALLOY  PROPERTIES 


Grade: 


6A1-4V 


6A1-  6V-2Sn 


1 . Specification 


AMS  4965A  STA  MIL-T-9047D  Type  III,  Comp.  C 


Chemistry  (ingot) 

C°Io 

0.02 

0.02 

N 

0.010 

0.008 

Fe 

0.18 

0.78 

A1 

6.2 

5.4 

V 

4.2 

5.2 

Sn 

2.0 

Cu 

0.70 

O 

0.170 

0.176 

H (PPM  Final  Product) 

98 

53 

3.  Properties 

Ultimate  (KSI)  171.7/170.1  187.0/229.8 

Yield  (KSI)  155.5/154.8  178.1/213.7 

% Elongation  15.0/14.0  8.0/11.0 

% R.A.  47.0/44.0  28.0/39.0 


4.  Thermal  Treatment 


Prod.  STA  1750°F  1 hr,  Prod.  STA  1625°F  1 hr, 

W.Q.  , Age  1000°F  4 hrs  , W.Q.  , Age  1125°F  4 hrs , 

Air  Cooled  Air  Cooled 
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TABLE  IV.  DATA  SUMMARY  - TITANIUM  6A1-  4V 
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DATA  SUMMARY  - TITANIUM  6Al-6V-2Sn 
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Figure  23.  Biaxial  Yield  and  Ultimate  Strengths 
for  Ti  6A1-  6V-2Sn 


TITANIUM 


Biaxial  Failure  Strains  for  Ti  6A1-4V  and  6A1-6V-2SN 


TITANIUM 


Effect  of  Stress  Ratio  on  the  Plastic  Strain  Energy- 
Required  to  Produce  Failure  in  Titanium 


interest  to  examine  biaxial  fatigue  life  at  these  stress  ratios.  These  results 
might  also  suggest  that  a spherical  pressure  vessel  where  the  in- plane  stress 
ratio  is  1:1  will  be  much  safer  with  respect  to  rupture  than  a closed-end 
cylindrical  vessel  where  the  ratio  is  2:1. 
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SECTION  V 


CONCLUSIONS 


The  results  presented  for  biaxial  strength  of  beryllium  and  titanium 
can  be  summarized  in  the  following  general  conclusions. 

(1)  The  yield  and  plastic  flow  of  both  the  beryllium  and  the  titanium 
alloys  tested  can  be  described  by  a Mises  yield  criterion  and  associated  flow 
rule  for  proportional  loading. 

(2)  Failure  stresses  in  beryllium  are  influenced  by  the  mean  or 
hydrostatic  component  of  the  stress.  This  effect  is  not  evident  in  the  more 
ductile  titanium. 

(3)  In  the  critical  tension- tension  quadrant,  failure  strength  of 
beryllium  is  best  described  by  a maximum  stress  criterion. 

(4)  For  both  beryllium  and  titanium,  there  is  significant  variation 
in  the  biaxial  ductility  as  measured  by  the  total  effective  strain  at  failure. 
Minima  in  ductility  occur  at  a ratio  cf  the  principal  stresses  of  ^max^'min  = 
2:1  in  the  tensile  quadrant.  The  largest  ductility  is  achieved  in  pure  shear. 
Equal  biaxial  tension  has  ductility  comparable  with  the  uniaxial  ductility. 

The  behavior  of  the  biaxial  failure  strains  can  be  determined  by  combining 
the  failure  stress  criterion  with  the  appropriate  plastic  flow  relations.  This 
analysis  shows  that  the  range  in  biaxial  ductility  is  strongly  dependent  on 
the  plastic  strain  hardening  modulus.  Low  strain  hardening  can  lead  to  very 
low  biaxial  ductility  as  is  demonstrated  by  the  titanium  data. 


(5)  Prestraining,  or  more  generally  a non- proportional  loading 
history,  has  an  effect  on  both  the  subsequent  strain  hardening  curve  and  on 
the  fracture  strains  in  beryllium.  Reversed  loading  in  the  same  stress  di- 
rection results  in  a reduced  yield  stress  (Baushinger  effect).  Subsequent 
loading  in  other  stress  directions  can  produce  yielding  at  stresses  as  great 
as  the  maximum  strain  hardened  state  of  the  initial  prestraining.  The 
beryllium  thus  shows  evidence  of  both  isotropic  and  kinematic  hardening 
behavior.  Ductility  was  not  significantly  decreased  by  prestraining.  Re- 
versed loading  can,  in  fact,  lead  to  an  increase  in  total  cumulative  strain 
to  failure.  The  amount  of  prestrain  and  the  stress  ratio  both  influence 
ductility. 
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(6)  Plasticity,  evidenced  on  the  fracture  surfaces  of  failed  beryllium 
surfaces  by  means  of  SEM  examination,  did  not  correlate  with  the  bulk  plastic 
behavior  associated  with  deformation.  Material  or  stress  state  conditions 
yielding  low  macroscopic  ductility  displayed  evidence  of  appreciable  plastic 
deformation  on  the  fracture  surface.  However,  failure  is  generally  asso- 
ciated with  transgranular  cleavage  of  single  grains  in  both  beryllium  alloys. 
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